The acid-catalyzed cyclization of mono epoxides of cnicin acetonide (3) was investigated. Several 6,12-eudesmanolides were obtained, and their stereochemistry established by extensive spectroscopic analyses. Chemical correlations also led to the assignment of the absolute configuration of 1β,10α-epoxy-salonitenolide (13), a previously isolated natural product. The cytotoxic activities of some compounds were determined against A549 and MCF-7 tumor cell lines. The esterified germacranolides 2-6 were selectively cytotoxic against the MCF-7 breast cancer cell line.
Germacranolides are natural compounds widespread in plants of the Compositae family [1a] . They are considered to be the precursors of other sesquiterpene skeletons, mainly eudesmanolides and guaianolides, via different biogenetic pathways [1b] . In this context, the cyclization of epoxygermacranolides plays a pivotal role. It has been well documented that 1,10 epoxygermacranolides cyclize into eudesmanolides [1c,1d] under acid catalysis, whereas 4,5 epoxygermacranolides yield guainolides [1e] . The stereochemistry of the resulting cyclized products depends on the conformation of the epoxygermacranolides. The epoxidation of one or two double bonds in E,E-germacranolides decreases the conformational flexibility of the 10-membered ring. The oxirane ring locks the conformation of the germacranolides and therefore determines the stereochemical characteristics of the new cyclized compounds [2] . In a previous study, using a DFT computational method [3] , we determined that the two most stable conformational isomers of salonitenolide (1), the side chain hydrolysis product of cnicin (2) , have an up-up arrangement of the C14 and C15 methyl groups. Therefore, epoxidation of the double bonds of salonitenolide should occur in a stereoselective manner.
In this paper we report our investigation of the epoxidation reaction on cnicin and salonitenolide derivatives and the outcomes of the epoxides acidcatalyzed cyclization.
Cnicin (2) was isolated in large amounts from Centaurea napifolia growing wild in Sicily [4a] . This germacranolide, which is widespread in this genus, shows various biological properties, including antibacterial, cytotoxic and antifungal [4b-4d] . In order to make the starting compound more soluble in organic solvents, we converted the two hydroxyl groups in the ester side chain of 2 into an acetonide (3) [4e]. Epoxidation of compound 3 with m-ClPBA and pyridine [4f] gave the two epoxides 4 and 5 in a ratio of 2:3. The former compound was the 4α,5β-epoxy derivative, as clearly shown by the up-field shift of the H-5 proton signal (δ Η = 2.82) in the 1 H NMR spectrum of 4. The stereochemistry was determined by comparison of the coupling constant between H-5 and H-6 (J = 9.2 Hz) with those reported in the literature [4g] . The structure of compound 5, the 1β,10α-epoxy derivative, was determined by comparison of its 1 H and . With respect to 6, the 1 H NMR spectrum of 7 showed an up-field shift of the aldehyde signal (δ Η = 9.67, d, J = 3.6 Hz) and a different multiplicity of H-4 (δ Η = 2.50, dddd, J = 11.1, 11.1, 3.6, 3.6 Hz), indicating an α stereochemistry of the aldehydic group at C-4. [It is necessary to point out that the same mixture of compounds (6 and 7) was obtained spontaneously after 5 days when epoxide 5
was simply stored at -20°C]. On the other hand, epoxide 4 was recovered unaltered when treated under the same acidic conditions as for compound 5.
Acetonide 3 was acetylated to give compound 8, which was subjected to the same epoxidation conditions. In this case, the reaction was regiospecific, affording only the 1β,10α-epoxide (9). Acidic treatment of compound 9 gave the three eudesmanolides 10-12. The structure of the most abundant compound (10) stereochemistries of the stereogenic centers were determined from NOESY correlations (Figure 1 ). In fact, CH 3 -14 (δ Η = 1.26) correlates with H-6 (δ Η = 4.39) and H-8 (δ Η = 5.33), indicating its β orientation, whereas the correlations between H-5 (δ Η = 1.59) with H-1 (δ Η = 3.37) and H 15b (δ Η = 4.04) showed the β orientation of the hydroxyl group at C-4. The presence of additional vinylic carbons in the 13 C spectra of 11 and 12 clearly indicated that these two compounds were dehydrated derivatives of 10. Eudesmanolide 11 has a C-3/C-4 double bond (δ Η = 5.74, H-3; δ C = 126.6, C-3; δ C = 131.1, C-4), whereas eudesmanolide 12 has a C-4/C-5 tetrasubstituted double bond (δ C = 126.9, C-4; δ C = 132.9, C-5).
Some years ago we isolated the new germacranolide 1β,10α-epoxy-salonitenolide (13) from Centaurea sphaerocephala subsp. sphaerocephala [5a] , but could determine only the relative configuration. Therefore, we decided to compare it with cnicin (2), the absolute configuration of which is well known [5b], by using chemical transformation (Scheme 2). The regiospecific epoxidation of compound 8, which has an acetoxy group at C-15, prompted us to prepare diacetyl-salonitenolide (14) from 2. Accordingly, basic hydrolysis of cnicin (2) gave salonitenolide (1), which was acetylated to yield 14. Epoxidation of the diacetyl derivative 14 afforded the epoxide 15 in excellent yield.
Compound 13, isolated from C. sphaerocephala subsp. sphaerocephala as previously reported [5a] , was acetylated to also give the same epoxide 15. Consequently, the absolute configuration of compound 13 has been assigned as (1R,6S,7R,8S,10S)-8,15dihydroxy-1(10)-epoxy-germa-4-ene-6,12-olide. Compounds 4-6 were screened against two human tumor cell lines (A549, lung and MCF-7, breast), in order to explore their anticancer properties. Table 3 shows the results and also includes the previously reported data for compounds 1- 3 [4c] . While the parent compound (1) was inactive against both cell lines, addition of the ester side chain led to enhanced cytotoxicity, as seen in 2-6. It is interesting to note that 2-6 were selectively cytotoxic against the MCF-7 breast cancer cell line, and were inactive against the A-549 lung cancer cell line. Compounds with both diol (2) and acetonide (3) groups in the ester side chain were active. Potency remained the same for the unsaturated germacranolide (3), its 4,5 (4) and 1,10 (5) epoxy analog, and an acid-catalyzed cyclization product (6).
Experimental
General experimental procedures: Optical rotations were determined on a JASCO P-1010 digital polarimeter. 1D and 2D NMR spectra were recorded on a Bruker Avance series 300 MHz spectrometer. ESI-MS was obtained with an Applied Biosystem API-2000 mass spectrometer. IR spectrum was run on a Shimadzu FTIR-8300 spectrophotometer. Merck silica gel (70-230 mesh), deactivated with 15% H 2 O, was used for column chromatography.
Isolation of cnicin (2):
Cnicin (2) was isolated from Centaurea napifolia; the purification procedures have been reported previously [4a] . 
Synthesis of compound

Cyclization of epoxide 5:
Epoxide 5 (50 mg, 0.1 mM) was dissolved in 5 mL of CHCl 3 , and 0.5 mL of CHCl 3 saturated with gaseous HCl was added at room temperature with stirring. After 4 h, the solvents were evaporated in vacuo to give, after purification (CC, silica gel; light petroleum/ ethyl acetate, 3:2), pure malacitanolide acetonide (6) 
Isolation of epoxide (13):
Compound 13 was isolated from C. sphaerocephala subsp. sphaerocephala [5a] .
Acetylation of compound 13:
Compound 13 (25 mg, 0.09 mM) was treated with 2 mL of a mixture of pyridine-acetic anhydride (1:1) yielding, after the usual work-up, 32 mg (0.09 mmol) of compound 15.
In vitro cytotoxicity assay: All stock cultures were grown in T-25 flasks. Freshly trypsinized cell suspensions were seeded in 96-well microtiter plates with compounds added from DMSO-diluted stock. The plates were incubated for an additional 72 h after attachment and drug addition, and the assay was terminated by addition of 10% TCA. Then, 0.4% SRB dye in 1% HOAc was added to stain the cells for 10 min. Unbound dye was removed by repeated washing with 1% HOAc and the plates were air dried. Bound stain was subsequently dissolved with 10 mM trizma base, and the absorbance read at 515 nm. Fifty percent growth inhibition (ED 50 ) was calculated as the drug concentration that caused a 50% reduction in the net protein increase in control cells during the drug incubation. The mean ED 50 is the concentration of agent that reduces cell growth by 50% under the experimental conditions and is the average from at least 3 independent determinations. Variation between replicates was no more than 5% of the mean. The following human tumor cell lines were used in the assay: A549 (non-small cell lung cancer), and MCF-7 (breast cancer). All cell lines were obtained from either the Lineberger Cancer Center (UNC-CH) or from ATCC (Rockville, MD). Cells propagated in RPMI-1640 were supplemented with 10% FBS, Penicillin-100 IU/mL, Streptomycin 1μg/mL, and Amphotericin B-0.25µg/mL, and were cultured at 37°C in a humidified atmosphere of 95% air/5% CO 2 .
